The retinotopic projection of stimulus motion depends both on the motion of the stimulus and the movements of the observer. In this study, we aimed to quantify the contributions of endogenous (retinotopic) and exogenous (spatiotopic and motion-based) reference frames on judgments of motion direction. We used a variant of the induced motion paradigm and we created different experimental conditions in which the predictions of each reference frame were different. Finally, assuming additive contributions from different reference frames, we used a linear model to account for the data. Our results suggest that the effective reference frame for motion perception emerges from an amalgamation of motion-based, retinotopic and spatiotopic reference frames. In determining the percept, the influence of relative motion, defined by a motion-based reference frame, dominates those of retinotopic and spatiotopic motions within a finite region. We interpret these findings within the context of the Reference Frame Metric Field (RFMF) theory, which states that local motion vectors might have perceptual reference-frame fields associated with them, and interactions between these fields determine the selection of the effective reference frame.
Introduction
When an object moves during steady fixation, its projection on the retina also moves at a speed proportional to its physical speed. The perceptual system readily interprets this retinal motion as the motion of an object in the environment. However, when the observer's eyes, head or body move, the retinal image motion does not directly correspond to a corresponding motion in the environment. In order to perceive veridically the motion of an object in the environment, the perceptual system needs to carry out coordinate transformations (Swanston, Wade, & Day, 1987; . In other words, the retinal motion due to selfmotion or movement of the eyes need to be parsed out such that what is left directly corresponds to the motion of an object in the environment. Gibson argued that optic flow alone is sufficient to make the required transformations and to decompose retinal motion into self-motion and object motion relative to the scene (Gibson, 1979) . Many psychophysical (e.g. Rushton, Bradshaw, & Warren, 2007; Warren & Rushton, 2009 ), neurophysiological (Duffy & Wurtz, 1991a; Duffy & Wurtz, 1991b) , functional imaging (e.g. Morrone et al., 2000) , and modeling (Furman & Gur, 2003; Pack, Grossberg, & Mingolla, 2001 ) studies supported his position. However, early studies of motion perception during smooth-pursuit eye movements showed that the coordinate transform from retinocentric reference frame to head-centric one is not perfect. A stationary object is perceived to be moving in the direction opposite to the direction of the ongoing pursuit eye-movement (Filehne illusion. Filehne, 1922; Freeman & Banks, 1998; Mack & Herman, 1972; Mack & Herman, 1973; Wertheim, 1987) and a moving object is perceived to be slower when it is tracked than when it is viewed during fixation (Aubert-Fleischl effect. Fleischl, 1882; Aubert, 1886; Freeman & Banks, 1998) . The perceived direction and the extent of motion of an object that moves non-collinearly with the pursuit target significantly deviate from corresponding physical quantities (Becklen, Wallach, & Nitzberg, 1984; Festinger, Sedgwick, & Holtzman, 1976; Furman & Gur, 2005; Kano & Hayashi, 1981; Souman, Hooge, & Wertheim, 2005; Souman, Hooge, & Wertheim, 2006b ). Assuming perfect retinal gains (i.e. the ratio of perceived and actual retinal motion extents or speeds is 1), these perceptual errors and illusions have been conventionally attributed to an under-registration of eye velocities. However, perceived retinal motion is strongly modulated by stimulus properties such as spatial frequency, dot density, contrast, stimulus scale and chromatic content (see review by Nishida (2011) ) and hence, errors in estimating retinal motion should also be considered in the computations of head-centric motions (Freeman & Banks, 1998) .
Many models of motion perception during smooth pursuit have been proposed to quantify the degree to which this coordinate transformation is complete. In most of these models, the observer's head and body are assumed to be stationary with respect to the outside world, and the perceived head-centered motion is a combination of retinal motion and eye velocity estimates (Freeman, 2001; Freeman & Banks, 1998; Souman, Hooge, & Wertheim, 2006a; Swanston et al., 1987; Turano & Massof, 2001; Wertheim, 1994) . Models with non-linear motion transducers have been shown to perform slightly better than those with linear motion estimators for both terms (Freeman, 2001; Turano & Massof, 2001 ). The estimated eye velocity in some of these models is a function of both retinal and extra-retinal signals, whereas retinal motion estimates depend only on stimulus parameters and retinal motion itself (Freeman & Banks, 1998; Turano & Massof, 2001; Wertheim, 1994) . Several studies have concluded that perceived motion during pursuit also depends on stimulus parameters including size (Turano & Heidenreich, 1999) , spatial frequency (Freeman & Banks, 1998; Wertheim, 1994) , speed (Pola & Wyatt, 1989; Turano & Heidenreich, 1996) , and presentation duration (Mack & Herman, 1978; Souman et al., 2005; Wertheim, 1987) .
When there are two objects in the scene and one of them is tracked, the relative motion between the objects may become a major determinant of perceived motion. In some studies, this fact was overlooked and the failure to discriminate relative motion from retinal motion led some researchers to conclude that the perceptual system has very weak (i.e. gains < 0.1) or no information at all about the ongoing pursuit eye movement (Dodge, 1904; Festinger et al., 1976; Stoper, 1973) . For instance, when a small dot is pursued in a dark room and the motion of another (moving or stationary) dot is judged, the retinal motion of the target dot and its relative motion with respect to the pursuit dot are almost identical (assuming perfect smooth pursuit). It is impossible to decouple contributions of the retinal and relative motions in these displays. In fact, Mack and Herman (1978) showed that the relative motion between the pursuit target and the background object is one of the main factors influencing perceived motion. The contribution of the relative motion between the pursuit target and the background has been noted in several studies (Baker & Braddick, 1982; Brenner & van den Berg, 1994; Freeman, Champion, Sumnall, & Snowden, 2009; Freeman, Champion, & Warren, 2010; Hisakata, Terao, & Murakami, 2013; Mack & Herman, 1978; Mateeff, Hohnsbein, & Ehrenstein, 1990; Snowden, 1992; Turano & Heidenreich, 1999; Wallach, 1959; Wallach, O'Leary, & McMahon, 1982) . In these studies, qualitative descriptions of how and when relative motion between the pursuit target and the background affects perceived motion have been given. Baker and Braddick (1982) argued that, at slow speeds, relative motion determines percepts whereas at high speeds, absolute motion (i.e. motion with respect to a spatiotopic reference frame such as stimulus display) takes over. Mack and Herman (1978) concluded that object-relative motion is only effective when the object of interest is in close proximity of the pursuit target. Brenner and van den Berg (1994) reported that the perceived target velocity does not change as long as the relative motion of the pursuit target with respect to a textured background is kept fixed.
When there are multiple moving objects in the scene, a typical scenario in normal viewing conditions, relative motions of these objects can fully determine the perceived motion. Duncker (1929) used displays generated by point-lights attached to an otherwise invisible rotating and translating circular cardboard (Duncker, 1929, pg. 240) . When a point-light is attached to the rim of the cardboard, observers perceive cycloidal motion of the light, which corresponds to its trajectory on the retina if the observer's eyes are stationary. Percepts do not change when the pointlight is tracked. However, when another point-light is added to the hub of the wheel, the central light is perceived to be translating linearly, whereas the peripheral light is perceived as rotating around the central light, regardless of whether the central light is tracked or not. In the latter case, the retinal trajectory of the point-light at the rim is again a cycloid; but the percepts dominantly correspond to its relative motion with respect to the central light. Similar and more complex demonstrations of the superiority of relative motion were done Johansson (1950) and Johansson (1973) . In line with this, it has been shown that the thresholds for detecting relative motion is much less than those for absolute motion (Snowden, 1992) . Moreover, the movements of the eyes, head or body result in relative motions of objects at different depths in the environment. A complete theory of motion perception, therefore, must take into account the relative motion of objects with respect to each other. Wade and Swanston's quantitative model of motion perception explicitly includes a term for relative motion of objects with respect to each other. According to their model, the registered retinal motion undergoes a sequence of coordinate transforms to reach a geocentric representation. Estimated retinal motions are compensated for estimated eye movements at the orbital level, and the output of this process is combined with the ''pattern-centric'' signals (i.e. relative motion). Furthermore, they proposed that the two signals are not treated equally, but each has a weight. A similar approach was taken by Gogel (1977) . He also argued that the relative motion has a greater weight compared to the other components (Gogel, 1977) . Unfortunately, the weights of different terms have never been determined experimentally.
In contrast to the models of motion perception mentioned so far, we adopted a top-down approach and modeled the perceived motion as an interplay between various reference frames available to the perceptual system. By doing so, we remained agnostic as to how coordinate transforms outlined by previous models take place; instead, we sought to investigate how the perceptual system forms the ''effective reference frame''. Let's assume that the head is kept still and two objects are moving in the fronto-parallel plane at different velocities. The perceived motion of each object depends on its motion on the retina (i.e. retinocentric or retinotopic reference frame), its motion on the display (i.e. space-centric or spatiotopic reference frame), and its motion relative to the motion of the other object (i.e. object-based or motion-based reference frame). The proposed model is given by Perceived motion ¼ w s ðd; uÞP s þ w r ðd; uÞP r þ w mb ðd; uÞP mb þ c;
where P s , P r , and P mb represent the motion signals on spatiotopic, retinotopic and motion-based reference frames, and w s , w r , and w mb represent the weights of each reference frame, respectively. The constant term c in the model captures the response bias of observers. The response bias represents byproducts of decision processes. Each P value represents also the predicted perceived-motion from a given reference frame. For instance, if observers perceive the motion direction solely based on retinal motion, (i.e. w s = 0, w mb = 0, and w r = 1), perceived motion would be equal to P r . Note that each weight is modeled as a function of distance d between the two objects and some other potential factors u (such as perceptual groupings, stimulus scale, attention, etc.). Equation (1) contains four unknowns, namely the three weights and the constant term. In order to have a unique solution, at least four linearly independent equations (i.e. different combinations of P s , P r , and P mb values) are needed. To this end, we designed four experimental conditions where observers judged whether or not a horizontally moving small (target) disk reversed its direction of motion (see methods for details). Our stimulus is depicted in Fig. 1A . One small (target) and one large (reference) disk moved horizontally. The large disk moved with a constant velocity while the velocity of the small disk changed sinusoidally during the mid-course of its trajectory (Fig. 1B) . The average velocity of the small disk was equal to the velocity of the large disk so as to keep the average distance between the two disks constant. This constraint was introduced because the distance between objects is known to affect the extent to which relative motion is perceived (Gogel, 1974; Gogel & Koslow, 1972; Mack & Herman, 1978; Mateeff & Hohnsbein, 1989; Mori, 1979; Shum & Wolford, 1983) . In several studies of relative motion perception, stimuli consisted of objects with different velocities. As a consequence, the distance between the objects changed during the stimulation period. This resulted in a confound between the distance effect and the relative-motion effect (Festinger et al., 1976; Mack & Herman, 1978; Stoper, 1973) . This issue becomes even more severe when the two objects move non-collinearly. To avoid this confound, we kept the average distance between the two objects constant.
A variety of stimuli, pursuit conditions, and tasks have been used in different studies to investigate perceived motion during eye movements. It is known that stimulus parameters such as size, speed, task, and attention affect performance in speed judgments (Baker & Braddick, 1982; Freeman et al., 2009; Gogel & Sharkey, 1989; Mateeff et al., 1990) . Therefore, it is difficult to compare and reconcile results of different studies. Here, we investigated various pursuit conditions with the same task, stimuli and procedures as described below.
The rationale of our experimental conditions was based on four considerations: First, we wanted to quantify the contributions of different reference frames in determining the effective reference frame for motion perception. In order to dissociate between retinotopic and spatiotopic reference frames, we included conditions with and without eye movements. Second, we wanted to capture the quantitative contributions of different reference frames into a simple mathematical model, as given in Eq. (1). Since the model in Eq. (1) has four free parameters, four linearly independent equations are needed to estimate these parameters. Hence, we designed four conditions as follows: In the Baseline condition, a target disk was viewed during steady fixation (Fig. 1A, Baseline) . In the Fixation condition (Fig. 1A, Fixation) , another moving disk was also presented while observers kept fixation at the center of the display. In the smooth pursuit (SP) Same and SP Opposite conditions (Fig. 1A , SP Same and SP Opposite), observers tracked with smooth pursuit eye-movements another disk moving either in the same or in the opposite direction of the target disk, respectively. Third, we also varied the distance between the horizontally moving disks to characterize the weights in Eq. (1) as a function of d to address previous accounts of distance dependent effects (Gogel, 1974; Mack & Herman, 1978 Fig. 1 . Spatial and temporal characteristics of the stimuli. (A) Stimuli used in different experimental conditions. A small white disk (target) was shown on a dark background in all conditions. In all conditions, with the exception of the Baseline condition, another white disk (reference), larger in size, was also shown. The small red dot shown in the smooth pursuit (SP) opposite and SP Orthogonal conditions represents the pursuit target specific to these conditions. See text for detailed explanations. Results from the Baseline, Fixation, SP, and SP Opposite conditions were used to predict observers' percepts in the SP Orthogonal condition. (B) Horizontal velocity profiles of the target (black/ gray curves) and reference (black dotted line) disks are shown as a function of time. The reference disk always moved with constant speed whereas the velocity of the target disk was modulated by a sine wave in the central half of the stimulus presentation. The minimum speed of the target disk was the dependent variable in a staircase algorithm and was modulated by varying the amplitude of sine wave. If the amplitude of the sine wave exceeds the average speed (i.e. 9 deg/s), the minimum velocity falls below 0 deg/ s and the target dot moves backward according to a spatiotopic reference frame, for a short temporal interval. The task of the observers was to report whether the target dot moved backward at any point in time during its motion on the display. The red horizontal line represents the velocity of the smooth pursuit target in SP Opposite condition. The smooth pursuit target in the SP Orthogonal condition moved in the vertical dimension. C. Instantaneous horizontal velocity vectors (bottom) of the target disk on retinotopic, spatiotopic and motion-based reference frames shown for an example motion profile (top-left). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) the quantitative model. For this purpose, we have included a fifth condition, SP Orthogonal (Fig. 1A , SP Orthogonal), where observers pursued an additional vertically moving object with the goal of testing whether the weights obtained from the results of the first four conditions can be generalized to this new condition.
Fig . 1B illustrates the velocity profiles used in the experiments and in Fig. 1C we provide a specific example of velocity profiles for the target and reference disks, along with their horizontal instantaneous motion vectors on each reference frame when the target disk reaches its minimum velocity (gray shaded area, Fig. 1C top-left). Top-left plot in Fig. 1C shows the horizontal velocity profiles of the target (solid trace) and reference (dashed trace) disks. On the right, critical motion vectors corresponding to the time at which the target disk's velocity reaches its minimum are shown, with the target disk moving in the same direction as the reference disk but at a lower speed. At the bottom of panel C, the horizontal component of target's instantaneous velocity vector is shown according to different reference frame in each of the five experimental conditions. The spatiotopic motion is identical across all conditions. In the Baseline condition, since only the target is presented, there is no relative motion. However, in all other conditions, the relative motion of the target with respect to the reference disk is in the opposite direction of spatiotopic motion (in this particular example). The retinotopic motion is equal to the spatiotopic motion when observers fixate at the center (i.e. in the Baseline and Fixation conditions). It becomes equal to the relative motion in the SP Same condition whereas the difference between the relative and spatiotopic motions determines its value in the SP Opposite condition. Finally, since observers track a vertically moving object in the SP Orthogonal condition, the horizontal component of the retinotopic motion is identical to the horizontal component of retinotopic motion in Baseline and Fixation conditions. For the particular example described so far, if observers' perception is based solely on the spatiotopic reference frame, they would perceive forward movement for the target disk regardless of condition and report that the target did not reverse direction. On the other hand, if their perception is based only on retinal motion, they would report that the target reversed direction in the SP Same and SP Opposite conditions but not in other conditions. As this example demonstrates, observers' tendency to report motion direction reversal depends on how they combine these motion vectors and the aim of this study was to determine this strategy by quantifying the weights applied to each motion vector. Table I summarizes the predicted PSSs in all conditions for each reference frame assuming no influence (i.e. w = 0) from the other two.
Predictions based on a single frame of reference
There are three reference frames available to the observers in all experimental conditions: Retinotopic, spatiotopic, and motionbased frames of reference. Minimum velocities at which subjects perceive the target to be moving backwards (the PSSs) are obtained in all conditions as a function of target-reference center-to-center distance. If perception were solely based on the spatiotopic reference frames, subjects percepts would be independent of experimental conditions (see Fig. 1C ) and the PSSs would be zero in all conditions and for all target-reference distances. On the other hand, had observers perceived the direction of motion solely based on retinal motion, backward motion would have been reported whenever the target disk moves backwards on the retina. Therefore, in the Baseline, Fixation, and SP Orthogonal conditions, the PSS would be zero. However, in the SP Same condition in which the reference disk is stationary on the retina (let us assume for the moment that the smooth pursuit gain is 1.0), slightest reduction in speed of the target disk causes backward retinal motion, and hence, the PSS would be equal to the average speed of the target (i.e. 9 deg/s). Moreover, in the SP Opposite condition, according to the retinotopic reference frame, backward motion can only be perceived when the minimum speed of the target disks goes below À9 deg/s. If, as Johansson and many researchers have suggested, the relative motion between the target and reference disks drives perceptual judgments, the PSSs obtained in all conditions (except the Baseline condition in which there is no reference disk) should be 9 deg/s because as soon as the target disk's speed falls below 9 deg/s, it will create a relative motion with respect to the reference disk in the opposite direction of its motion. Predictions of each reference frame in all experimental conditions are summarized in Table I .
Methods

Participants
Three naive observers and one of the authors (MNA) participated in the study. The age of the participants ranged from 26 to 29 years and all participants had normal or corrected-to-normal vision. Experiments followed a protocol approved by the University of Houston Committee for the Protection of Human Subjects and research was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki). Each observer gave written consent before the experiments.
Apparatus
Visual stimuli were created via a visual stimulus generator card (VSG2/5, Cambridge Research Systems) and displayed at a resolution of 800 Â 600 with a refresh rate of 100 Hz on a Sony GDM-FW900 CRT monitor. Gaze position monitoring for both eyes was performed by means of an Eyelink-II eye-tracker at 250 Hz sampling rate. The distance between the observer's eyes and the display was 1 m and the dimensions of the display at this distance were 22.7 Â 17.0 deg 2 . A head/chin rest was used to help stabilize fixation and to avoid nonlinearities in eye movement recording due to head movements. Observers reported their responses via a joystick.
Stimuli
Spatial configurations and temporal characteristics of all conditions are given in Fig. 1 . White (56 cd/m 2 ) horizontally moving disks against a black (<0.5 cd/m 2 ) background were utilized. Experiments were conducted in a normally illuminated room. In some studies, a dark illumination is used when the rationale of the study necessitates a complete elimination of spatiotopic references. However, as discussed in the Introduction, in our study our goal is not to eliminate spatiotopic reference frames. In fact, we are studying the prevailing reference frame in the presence of all three reference frames, a situation closer to everyday viewing since under ecological viewing conditions, a static background filled with trees, buildings, or other contextual elements is often present while Table I Predictions of PSSs (in deg/s) from spatiotopic (P s ), retinotopic (P r ), and motion-based (P mb ) frames of references in different experimental conditions. viewing objects' movements. In order to illustrate that the edges of the display were visible, stimulus configurations shown in Fig. 1 were drawn with gray boundaries. Note also that since observers make motion judgments in the horizontal direction, the upper and lower edges of the screen do not provide a reference. The left and right edges do; however, as shown in Fig. 1B , velocity modulations occur only in the central part of the screen where the stimulus is relatively far from the left and right edges of the screen. A fixation point was provided at the beginning of each trial and it was turned off during the motion of the disks to avoid confounding an additional relative motion factor. We investigated the contributions of three reference frames in perceived motion-direction. Assuming that reference frames combine additively, perceived motion can be modeled as a weighted sum of motion vectors in each reference frame plus a constant term, which represents response bias (Eq. (1)). Since we have four unknowns (three weights and a constant term), we designed four conditions (i.e. four equations) to solve this problem. In order to have a fully determined system of linear equations, the motion of the target disk was represented by a distinct set of vectors according to these reference frames in each condition. In the Baseline condition, a small target disk (0.5 deg) moved horizontally at various vertical eccentricities (2, 5, 8, and 11 deg) with the velocity profile shown in Fig. 1B (for rightward motion) . The direction of motion was randomized across trials. Motion duration was 2520 ms. The velocity of both disks was constant during the first and last 630 ms. From 630 ms to 1890 ms, the velocity of the target disk was modulated by a sine wave. Note that as long as the amplitude of the sine wave is smaller than the magnitude of the constant speed component (9 deg/s), the target never moves backward physically (by physically moving backwards, we mean moving backward according to a spatiotopic reference frame, for example, a reference frame centered on the computer monitor). However, if the amplitude of the sine wave exceeds the magnitude of the constant component, the minimum combined velocity of the target will fall below zero and the target will physically move backward (the green arrow in Fig. 1B ). In the Fixation condition, the target disk was accompanied by a larger (2.0 deg) disk (referred to as the ''reference disk'' hereafter) with a constant velocity profile (the dotted horizontal line in Fig. 1B) . The presence of a constant-speed reference disk along with the target in the display induces the perception of backward movement in the target, even when the target never moves backward physically (see video demo). The target and reference disks were always located at equal vertical eccentricities from the center of the display but in opposite parts of the display. Which one of the disks is presented in the upper half of the screen was also randomized across trials. In the Baseline and Fixation conditions, observers' eyes remained fixated at the remembered location of the fixation spot (i.e. the center of the screen) throughout the motion of the disks. If the left eye moved outside a 2 Â 2 deg virtual window centered at the center during a trial in these conditions, the trial was discarded and repeated immediately. In the smooth pursuit (SP) Same condition, the reference and target disks had the same velocity profiles shown in Fig. 1B , but observers were asked to pursue the reference disk. In the SP Opposite condition, an additional disk (0.5 deg) with red color, which served as the pursuit target, was presented (Fig. 1A , SP Opposite). In this condition, the pursuit target was always shown at 0 deg vertical eccentricity and moved in the opposite direction (À9 deg/s) of the target and reference disks (the red horizontal line in Fig. 1B) . The task of the observers was to report whether the target disk moved back, i.e. the sign of its instantaneous velocity vector has ever changed, at any instant of its motion on the display.
The four conditions described so far were intended to quantify the contribution of three frames of reference: retinotopic, spatiotopic, and motion-based reference frames. After obtaining the weights of each reference frame as a function of distance, in order to test whether they can be generalized to other potential situations as well, we devised another experimental condition as a verification step. In the SP Orthogonal condition (Fig. 1A) , the target and reference disks were presented in the same way as in the previous conditions. However, in contrast to the SP Opposite condition, the pursuit target (the red disk) moved vertically. The direction of motion (upward vs. downward) was randomized across trials. The speed of the pursuit target was again 9 deg/s but now in the vertical dimension. The timing of the disk was arranged such that all disks crossed the symmetry axis of the display orthogonal to their motion direction at the same time.
Procedures
At the beginning of a trial, a fixation spot (0.2 deg) was shown at the center of the screen. Observers were required to press a button on the joystick after establishing proper fixation to carry out drift correction for better accuracy. After drift correction (or 1000 ± 500 ms after the fixation spot was shown in the Baseline and Fixation conditions), the trial started. As soon as all disks completed their motion and disappeared, subjects pressed a button to indicate whether they perceived the target disk to be moving backward or not, in an adaptive staircase design. The amplitude of the sine wave in the target disk's velocity profile was varied by the staircase algorithm across trials. Various realizations of sine modulation are illustrated in Fig. 1B by gray curves. The dependent variable in this study was the ''minimum velocity'' of the target disk, which corresponds to the dip of the sine wave, or the global minimum in its velocity profile. For instance, a minimum speed of 9 deg/s for the target disk corresponds to 0 deg/s amplitude for the sine wave, i.e. no modulation, whereas a minimum speed of 0 deg/s corresponds to 9 deg/s amplitude for the sine wave. Different target-reference center-to-center distances (vertical separation) were blocked, and each block had four independent staircases interleaved. Each staircase had an initial minimum speed randomly chosen between À10 and 9 deg/s (corresponding to 0-19 deg/s amplitude for the sine wave) and was terminated after ten reversals in subjects' responses (a reversal is a response change from Yes (it moved back), to No (it did not move at all or it moved forward) or vice versa in two consecutive trials within the same staircase). The average of last eight reversals within a staircase was calculated and taken as the point of subjective motion direction reversal or as the point of subjective stationarity (PSS). In other words, staircases converge to a sine wave amplitude which corresponds to the minimum velocity at which the target disk is no longer perceived to be going backwards. As seen from Fig. 1B , if perception were veridical, (i.e. spatiotopic motion on the display were perceived), the PSS would be zero. The minimum step size in the staircase was 0.2 deg/s. A staircase was completed in 15-40 trials depending on the subject and experimental conditions, thus a block of trials could be finished in 60 or as many as 150 trials. The order of blocks (different distances within a given condition) was randomized across subjects. The order of conditions was the same for all subjects (Baseline, Fixation, SP Same, SP Opposite, and SP Orthogonal) and each condition was run on separate days. In order to familiarize the subjects with the stimulus conditions and experimental setup, each subject ran 1 or 2 blocks of trials before collecting data for each condition. One of the practice blocks was always the Baseline trials. This was done to make sure that allocation of attention was similar among conditions. We told observers to spread their attention to the whole display during the experiments to have equivalent allocation of attentional resources among different conditions. However, we cannot completely rule out the use of different strategies in different conditions. In pilot experiments on two observers, we confirmed that the order of conditions and whether staircases for different conditions are interleaved within a block of trials or not, did not affect the results. Fig. 2 shows the PSSs as a function of target-reference center-tocenter distance in the Fixation, SP Same, and SP Opposite conditions. Since there was no reference disk in the Baseline, the PSS values in this condition are plotted as a function of vertical eccentricity of the target disk. A two-way repeated measures ANOVA with experimental conditions and distance as the main factors showed significant effect of conditions (F(3, 9) = 11.471, p = 0.002, g 2 p = 0.793) and distance (F(3, 9) = 9.656, p = 0.004, g 2 p = 0.763). A significant effect for conditions indicates that perception is not veridical and may depend on factors such as eye movements and relative motion. The significant effect of distance confirms previous accounts and shows that the effective reference frame depends on distance. The interaction between condition and distance factors was also significant (F(9, 27) = 4.250, p = 0.002, g 2 p = 0.586) implying that distance has different effects in different conditions. Therefore, we carried out one-way repeated measures ANOVAs on each condition to assess the effect of distance in each case. We found a significant effect of distance in the Fixation condition (F(3, 9) = 30.571, p < 0.001, g . We also fitted linear regression lines to the results in each condition to get quantitative measures of how much distance affects the PSSs. In the Baseline condition, the percepts are veridical (i.e. the PSSs are around zero), and vertical eccentricity does not have any effect (slope = 0.010; intercept = À0.580). In the Fixation condition, for each degree of separation between the target and reference disks, the effect size drops by 0.4 deg/s (slope = À0.400; intercept = 6.170). In the SP Same condition, interestingly, the effect reaches 90% (intercept = 8.520) of the physical speed and becomes immune to changes in targetdisk separation (slope = À0.020) within the range of distances used in this study. This may be due to the fact that retinotopic and motion-based frames of references reinforce the same percept (both predict an effect size of 9 deg/s). In the SP Opposite condition, the effect of distance is reduced. Nevertheless, the distance is marginally significant (slope = À0.293, p = 0.059; intercept = 6.7 34).
Results
We also carried out regression fits for each subject, individually. Fig. 3 shows the slopes and intercepts from all subjects in all experimental conditions. Different marker shapes (and colors) represent various experimental conditions. Each point represents data from a single subject and error bars are the standard errors of the parameter estimations. The vertical dashed line represents the average physical speed, i.e. the ceiling for the perceptual effect. Note that all the points in Fig. 5 fall on the left of this physical limit, i.e. intercepts smaller than 9 deg/s. This finding itself lends support to the hypothesis that each reference frame contributes to the percept with varying weights. Furthermore, most of the points fall below the horizontal axis, which is indicative of distance-dependent contribution of at least some of the reference frames. Data from different subjects for each condition form clusters with few exceptions. Nevertheless, subject-to-subject differences do not prevent generalization of the slope and intercept values to the population of observers. Therefore, the following analyses are done on average data.
Quantifying the weight of each frame of reference
We fitted Eq. (1) to data in Fig. 2 and estimated the weights of each reference frame at various target-reference distances. So far, we have assumed perfect fixation stability and ideal smooth-pursuit gain (i.e., equal to 1) in outlining the predictions of each reference frame. However, in practice, subjects often make microsaccades and drifts during fixation. Stability worsens especially when there is no fixation target during stimulus presentation, as it was the case in our experiments. In addition, smooth pursuit gains are generally lower than 1, which may lead to overestimation of predictions of the retinotopic reference-frame. For example, assume that a subject has a smooth pursuit gain of 0.7. This means that the retinal speed of the reference disk will not be 0 but (1-0.7) Â 9 = 2.7 deg/s. This would decrease the PSS. In order to take these into account, we measured eye movements during the experiments. Fig. 4 shows the median horizontal eye velocities from each subject in smooth pursuit experiments. Error bars represent one interquartile range from medians. Eye movement speeds in the SP Same and Opposite conditions were not significantly different from the physical speed of the pursuit target (Note that the direction of pursuit was in the opposite direction in SP Opposite condition). Horizontal eye velocities in the SP Orthogonal condition were not significantly different than zero for all subjects. We finetuned the predictions of each reference frame given in Table I by using average eye velocities recorded during smooth pursuit and fixation. Fig. 5 shows the weights of each reference frame as a function of distance. The X and Y axes represent the distance and the weights, respectively. Different marker types (and colors) indicate different reference frames (retinotopic, spatiotopic, and motionbased). At all distances, the motion-based reference frame dominates such that the relative speed of the target disk with respect to the reference disk is perceived as backward motion even though the physical speed of the target disk was always in the same direction. There is a clear drop in the weight of the motion-based reference frame with increasing distance. Moreover, retinotopic and spatiotopic reference frames have similar weights. Their weights stay relatively constant with increasing distance.
Putting the weights to the test
We have quantified the weight of each reference frame as a function of distance, i.e. w(d). In order to test whether the perceptual system uses the same weight functions in other situations as well, we designed another experimental condition, namely the SP Orthogonal condition, in which the target and the reference disks moved as in previous conditions while the pursuit target (the red disk) moved vertically. Since horizontal eye movements are assumed to be negligible during vertical pursuit, this condition leads to predictions very similar, if not identical, to those in the Fixation condition. Assuming perfect vertical pursuit without any horizontal component in the eye movements, the prediction coefficients in Eq. (1) for the SP Orthogonal condition are P s = 0, P r = 0 and P mb = 9 deg/s; in other words, identical to those in the Fixation condition (see Table I ). Imperfect pursuit performance will only affect P r , which would then be equal to the average horizontal speed during vertical pursuit. The only difference between the two conditions is the existence of an ongoing vertical eye movement in the SP Orthogonal condition. Data from this experiment are shown in We used the predictions and the weight functions estimated from the other four conditions to predict the results in the SP Orthogonal condition (Fig. 3 also shows individual slopes and intercepts in the SP Orthogonal condition). Fig. 6 shows experimental data (markers) and the model predictions (solid line). The model fit follows a similar pattern with the data. In fact, bootstrap- ping for paired samples t-test resulted in no significant difference between the model fit and the experimental data (t(3) = 0.555, p = 0.618, d = 0.377). However, there is a slight underestimation of the effect size, which is reflected by the coefficient of determination (R 2 = 0.391).
Discussion
The aim of this study was to investigate the strategies used by the perceptual system to cope with the dynamic changes in the retinal stimulation. More specifically, we sought to understand the way various reference frames are utilized for motion computations. We used a variant of the induced motion paradigm, and in four conditions, we measured how direction of motion of a target disk is perceived when there are several reference frames that could be utilized in motion calculations. Specifically, we quantified the contributions of retinotopic, spatiotopic, and motion-based reference frames in a simple model. We found that the relative motion of the target disk with respect to the reference disk (i.e. motion-based reference frame) outweighs the other two, and its effectiveness is dependent on the distance between the target and the reference disks. This finding suggests that relative motion constitutes a significant part of the percepts within the range of distances tested here (up to 11 deg). Next, we ran another condition to see whether these partial contributions are specific to the first four conditions, or they generalize to other possible situations as well. The predictions of each reference frame was the same in the Fixation and the SP Orthogonal conditions, allowing us to directly test the performance of our model. Results in these two experiments were not statistically different from each other, implying that the use of the proposed model is warranted. The proposed model successfully predicted the experimental results in the SP Orthogonal condition. There was, though, a small underestimation of the effect size, which suggests that there might be additional factors that influence perceptual judgments of motion direction. Nevertheless, the weighted combination of retinotopic, spatiotopic, and motion-based reference frames performed reasonably well in explaining the percepts.
We do not, however, overgeneralize these findings because there are still undetermined factors, which became evident with small underestimation of the effect size in the SP Orthogonal condition. One of the potential factors may be the mere existence of an ongoing eye movement. In other words, the presence of ongoing eye movements might have influenced motion detection mechanisms in a complex manner. During self-motion or eye movements, the perceptual system may rely more on relative motions. Ecologically speaking, while an organism is on the move in its habitat or moves its eyes, retinal images undergo global changes and relative motion of objects might be more relevant for survival. Therefore, it is a reasonable strategy to put more weight on relative changes during eye movements or self-motion of an observer. However, as statistical tests confirmed, we did not find any difference between the Fixation and SP Orthogonal conditions, conditions in which the only difference was the mere existence of eye movements in the latter. Contrasting these two conditions show that the sole existence of an ongoing motor action is not the missing factor. Allocation of spatial attention during fixation vs. smooth pursuit may also be different. Gogel and Sharkey (1989) measured the perceived motion trajectory of a vertically moving object in the presence of one or two objects (i.e. inducers) moving horizontally. Observers were tracking the vertically moving object. In the case of a single inducer, they found a substantially larger tilt in the trajectory of the tracked object when the inducer spot was attended than ignored. Similarly, when there were two inducer spots moving horizontally in opposite directions, attending to one of the inducers clearly increased effectiveness of the attended object. In our experiments, we asked observers to spread their attention to the whole display; however, we did not have any control over allocation of spatial attention on a trial-by-trial basis. Therefore, observers might have used various strategies to allocate their attention. This point needs further experimentation.
The effective reference frame in perception
In general, the choice of a reference frame cannot be done at will, and is neither a result of an all-or-none process nor an outcome of a winner-take-all competition among neural representations. Each reference frame exerts its effect with varying weights depending on its relevance and the spatio-temporal characteristics of the retinal stimuli. There are several studies supporting partial contributions of different exogenous (space-based, object-based, motion-based, etc.) reference frames depending on the spatial structure and geometrical organization (Farrell-Whelan & Brooks, 2013; Magnussen, Orbach, & Loffler, 2013; Shum & Wolford, 1983; Tadin, Lappin, Blake, & Grossman, 2002) , depth (Gogel, 1974; Gogel & Koslow, 1972) , belongingness (DiVita & Rock, 1997), speed (Hisakata et al., 2013; Léveillé & Yazdanbakhsh, 2010; Mori, 1984) , lighting conditions (Shum & Wolford, 1983) , eccentricity (Thurman & Lu, 2013) , and even interactions among different modalities (Avillac, Denève, Olivier, Pouget, & Duhamel, 2005) . Furthermore, studies on perception during voluntary movement of eyes, head, or body indicate varying contributions of endogenous (retinocentric, headcentric, etc.) and exogenous reference frames (Agaoglu, Ogmen, & Herzog, 2012; Becklen et al., 1984; Brenner & van den Berg, 1994; Durgin, Gigone, & Scott, 2005; Hisakata et al., 2013; Johansson, 1976; Souman et al., 2006a; Turano & Heidenreich, 1999) . Durgin et al. (2005) measured perceived speeds of visual flow under the influence of these factors, i.e. while walking on a treadmill, during physical translation (without biomechanical selfmotion), and during normal walking. They found that each factor (walking without translation and translation without walking) reduces the perceived speed, and they approximately add up, i.e. the reduction is greatest during normal walking (Durgin et al., 2005) . Brenner and van den Berg (1994) asked subjects to pursue a target moving against a textured background. In the midst of its trajectory, the target could increase or decrease its velocity but the background texture could also move with the target. Subjects were asked to indicate whether the target moved faster, at the same speed, or more slowly during the final interval than it had in the initial interval. They found that, as long as the target-background relative motion is kept constant, i.e. the retinal slip of the background is in the opposite direction of the eye movement, perceived target velocity does not change even if the physical speed of the target is increased or decreased. In addition, when the target speed specified by retinal signals is slower than what extra-retinal signals indicate, or is in the opposite direction, extra-retinal signals dictate perceived speed judgments (Brenner & van den Berg, 1994) . Hisakata et al. (2013) investigated motion-induced position shifts during smooth pursuit eye movements. In different conditions, they varied the motion of the carrier of a moving Gabor patch to pin down the critical reference frame for the illusion to occur. They found that the illusion occurs according to the envelope-relative velocity of the carrier (Hisakata et al., 2013) . In other words, a motion-based reference frame drives the illusion, which again emphasizes the dominance of relative motion over retinotopic and spatiotopic motions. Anstis and Casco also demonstrated in the ''flying bluebottle illusion'' (see also Furman & Gur 2005; Kano & Hayashi, 1981) that relative motion drives perception, which is reflected in shape and size judgments in their experiments (Anstis & Casco, 2006) . However, the effect sizes they obtained were much larger than what would be expected by just relative motion between objects and background. This indicates that there are still other factors that might shape percepts, which is also in line with what we have found in our study. Of course, studies demonstrating the dominance of relative motion are not limited to those cited here. All these studies imply that the visual system, although it is mostly organized retinotopically in its early areas (Sereno et al., 1995; Tootell, Silverman, Switkes, & De Valois, 1982) , chooses alternative representations over retinotopic ones, as necessitated from an ecological point of view. How does, then, the visual system choose the effective reference frame for perception? Is this process determined by some parameters of the visual stimuli or is it a result of selective allocation of attention on specific features?
Non-retinotopic processes
Dynamic changes in the environment and the movement of the eyes, head, and body necessitate representations of objects and events (changes over time) that are invariant to such changes. Indeed, there have been many psychophysical (Agaoglu et al., 2012; Boi, Ogmen, Krummenacher, Otto, & Herzog, 2009; Boi, Vergeer, Ogmen, & Herzog, 2011; Kawabe, 2008; Léveillé, Myers, & Yazdanbakhsh, 2014; Nishida, Watanabe, Kuriki, & Tokimoto, 2007; Ogmen, Otto, & Herzog, 2006; Otto, Ogmen, & Herzog, 2010; Shimozaki, Eckstein, & Thomas, 1999) , functional imaging (Galati et al., 2000; Maus, Fischer, & Whitney, 2013; Neggers, Van der Lubbe, Ramsey, & Postma, 2006; Yin, Shimojo, Moore, & Engel, 2002; Zaehle et al., 2007) , and neurophysiological studies (Bremner & Andersen, 2014; Moorman & Olson, 2007; Olson, 2003) on the existence of robust non-retinotopic processes and representations. Since early visual areas are organized retinotopically (Sereno et al., 1995; Tootell et al., 1982) , these studies indirectly suggest that representations based on multiple reference frames are constructed by different levels of processing in the brain. In fact, it has been shown that a spectrum of neural representations of endogenous (e.g. retinocentric motion) and exogenous (e.g. relative motion, optic flow, etc.) motions coexist in the brain (Arnoldussen, Goossens, & van den Berg, 2011; Avillac et al., 2005; Colby & Goldberg, 1999; Inaba, Shinomoto, Yamane, Takemura, & Kawano, 2007; Malkinson, McKyton, & Zohary, 2012; Neggers et al., 2006; Takemura, Ashida, Amano, Kitaoka, & Murakami, 2012) . Under some conditions, the observer may be able to combine different reference frames according to task demands; however, in many cases, it is not possible for the observer to pick a reference frame at will (try for example to perceive a stationary object in motion according to a retinotopic reference frame while you are moving your eyes). A variety of factors such as adjacency, similarity, belongingness, center of gravity, figural organization, and attention, influence how reference frames are selected or combined. Further, when all parameters are kept the same, the same stimuli could be perceived differently by different observers. For instance, the classical experiment on induced motion with two dots (one moving, one stationary) showed that some observers perceive motion on one dot, some attribute motion to the stationary one, and some perceive both dots as moving at intermediate values (Day, 1978; Mack, Fisher, & Fendrich, 1975; Wallach, 1959) .
Implications for perceptual vector decomposition
Distance dependent changes in motion perception, like we have shown in this study, have been attributed to imperfect extraction of common motion vectors when there are multiple objects in a dynamic scene (Hochberg & Fallon, 1976; Shum & Wolford, 1983) . These studies have shown a finite spatial distance between moving dots, in which there is a linear drop in extracted commonmotion components. On the contrary, Johansson in his theory of perceptual vector decomposition, implicitly claimed that extraction of common motion is complete (Johansson, 1950 (Johansson, , 1973 (Johansson, , 1976 . For instance, he explained the rotary motion of the peripheral light in Duncker's wheel stimuli by perceptual subtraction of the common motion vector from its cycloidal motion (Johansson, 1950 (Johansson, , 1976 . Johansson also demonstrated a unique ability of the human perceptual system with his biological motion displays (Johansson, 1973 (Johansson, , 1976 . Constructed by only 5-10 point-lights placed at the joints of an otherwise invisible actor, biological motion displays contain highly complex motion patterns with respect to a retinotopic or spatiotopic reference frame. Interestingly, observers can still clearly identify the type of motion even if stimulus duration is very short, e.g. 0.1 s (Johansson, 1973) . Bardi, Regolin, and Simion (2011) provided evidence supporting the view that this ability is inborn in humans by demonstrating preference of newborns to look at biological motion displays. Johansson attributed this ability to perceptual vector decomposition. In fact, with his theory of vector analysis, biological motion displays could be described by a hierarchy of moving reference frames, thus simplifying the motions of knees and feet as simple harmonic motion of a pendulum (Johansson, 1973 (Johansson, , 1976 . Supporting his suggestions, other examples of hierarchical reference frames and potential neural processes that give rise to decomposition of these reference frames have been investigated (Bertamini & Proffitt, 2000; Grossberg, Léveillé, & Versace, 2011; Sokolov & Pavlova, 2006) . Following the Gibsonian approach to the problem of perceptual stability (Gibson, 1979) , Johansson also proposed that frequent changes in the proximal stimuli (due to motion of the eyes, head, or body, and motion of objects in the environment) do not pose any problems because the visual system is tuned to ''abstracting'' information from change in retinal stimuli over time (Jansson, Bergstrom, & Epstein, 1994; Johansson, von Hofsten, & Jansson, 1980) . This abstraction involves extracting common motion in three dimensions and using it as a reference frame to represent other changes in the retinal flow. This way, Johansson argued that motion resulting from self-movement can be distinguished from the motion of objects in the environment.
Johansson's theory of perceptual vector analysis (Johansson, 1973 ) had three principles: (i) elements under motion are always perceptually related, (ii) simultaneous motion of elements form rigid perceptual groups, (iii) the decomposition of motion vectors into equal and simultaneous motion vectors leads to the perception of ''common motion'', and the residual motion vectors will be perceived as ''relative motion''. Although this seems logical, biological implementation of vector decomposition is not as simple as it appears. First, the extraction of common motion vectors may not always be the same for a given combination of point lights. For instance, when presented with the Duncker's wheel stimuli, while some observers reported a rotating wheel, others reported that the motion of two point lights resembled more to a tumbling stick (Cutting & Proffitt, 1982; Proffitt, Cutting, & Stier, 1979) . Different speeds along the same motion trajectories have been shown to result in both subject-to-subject and trial-to-trial differences in perceived common motion in two point light displays (Mori, 1984) . More importantly, in mathematical terms, vector decomposition is an ill-posed problem: Infinitely many pairs of common and relative motions can produce exactly the same absolute motion, i.e. motion with respect to a stationary exogenous reference frame. Therefore, a fundamental question in vector decomposition has been to determine which of the infinitely many solutions is adopted by the visual system. Several heuristics have been proposed as to how vector decomposition takes place in the brain. Here, we describe only one of them in detail. In Wade and Swanston's (1987) formulation, ''. . . finding the common motion is equivalent to a comparison of pairs of relational [i.e. relative] motions, and selecting those which have the same value''. And ''it seems reasonable to adopt those points that have the same relational motion values as a patterncentric frame of reference for allocating other relational motions'' (Wade & Swanston, 1987, p. 564) . According to the proposed method, the perceptual system has to do pairwise comparisons for all the points (objects or features). If this process were to be carried out in an iterative way, it would run into combinatorial explosion in a natural environment. A parallel implementation of this process would require a complex neural architecture that needs to be spelled out.
An alternative to vector decomposition: The Reference-Frame Metric Field theory
Recently, we proposed the Reference-Frame Metric Field (RFMF) theory (Ogmen, Herzog, & Noory, 2013) in order to study how reference frames are established and how dynamic computations of form is carried out. Here we describe only the part of RFMF that is relevant to this study. Fig. 7 provides a schematic description of the RFMF theory. At the bottom, the retinotopic space is illustrated. Here, several simple stimuli (dots) are in motion. These motion vectors are grouped locally to generate local motion vectors. These local motion vectors serve as local reference frames. According to our theory, a field is created around each local reference frame (like an electromagnetic field) and fields of different reference frames interact to establish a global equilibrium in the retinotopic space. Therefore, the visual system does not need to solve explicitly the ill-posed common motion extraction problem. Instead, motion-based reference frames result from a process of reference field interactions. Interactions of various fields give rise to perceptual organizations such that different frames of reference may dominate different regions in the perceptual space. The degree to which extraction process takes place may be incomplete (i.e. the perceived and physical common motion vectors may not be equal) and can vary with spatio-temporal properties of the stimuli (DiVita & Rock, 1997; Gogel & Koslow, 1972; Johansson et al., 1980; Mori, 1979 Mori, , 1984 Poljac, Verfaillie, & Wagemans, 2011; Shum & Wolford, 1983) . This finding rejects perfect vector decomposition and rather calls for a finite region within which the extraction of common motion component can be carried out.
Yet within this finite region many moving stimuli can exist, each providing a potential reference frame. This region might depend on stimulus scale (Maruya, Holcombe, & Nishida, 2013) and other parameters which need further investigation. In terms of neural implementation, field interactions can be realized by distancedependent isotropic (in case of no direction bias) or anisotropic (in case of direction bias) connections among units carrying out the computations.
Conclusion
Taken together, our results suggest that the effective reference frame for motion perception involves a combination of motionbased, retinotopic and spatiotopic reference frames. Relative motions defined by motion-based reference frames dominate retinotopic and spatiotopic motions. Effectiveness of the motion-based reference frames drops substantially as the distance between objects of interest increases, indicating a finite region within which each motion-based frame of reference operates. Such dramatic changes are not found for retinotopic and spatiotopic reference frames. Contributions of retinotopic and spatiotopic frames of reference are minimal when there is an ongoing smooth pursuit eye movement. From the perspective of the RFMF theory, motionbased reference frames emerge from field-like interactions of local motion vectors, thereby providing an alternative account to the vector decomposition approach. Distance-dependent changes in perceived motion result from interactions between multiple motion-based reference frames. These interactions determine an effective reference frame whereby information from retinotopic representations can be mapped into non-retinotopic ones. In our previous studies, we have suggested that such a mapping allows dynamic computation of form while avoiding motion blur, moving ghosts, and occlusion problems (Ogmen, 2007; . Fig. 7 . Schematic illustration of the RFMF theory. Motions of several blue and green colored dots are shown in the retinotopic space (the yellow plane). Dots are grouped into two groups based on their motion vectors. A reference motion vector is extracted and serves as the reference by which dots are mapped into nonretinotopic representations (blue and green spheres at the top). Reference motion vectors' effect spread over space and time much like an electromagnetic field (dotted ellipses whose thicknesses symbolise field strength). Interactions between different reference fields, if there are many, determine the resultant non-retinotopic representations. For more details, see (Ogmen, 2007; . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
